The Drosophila paired @r-d) gene, the founding member of the PAX gene family, is required for normal embryonic segmentation and is re-expressed later in development in the head and developing CNS. As for most embryonically active genes, global defects resulting from loss of early prd function obscure an analysis of the role of later expression phases. We used heat inducible targeted ribozymes to functionally 'knock-out' prd at late stages. When prd protein levels in the head are reduced in this fashion, the maxillary chemosensory ventral organs fail to develop and dorsal-lateral cirri rows are disrnpted. These studies reveal a role for prd in sensory organ development that appears to be conserved in PAX genes throughout the animal kingdom.
Introduction
Many Drosophila regulatory genes involved in segmentation are re-expressed late during embryonic development in the primordia of specific tissues and in the CNS. Since lethal mutations which abolish early function of these genes result in global defects in the body plan, it has been difficult to evaluate the biological function of the late expression phases. The Drosophila paired (prd) gene (Frigerio et al., 1986; Kilchherr et al., 1986 ) is expressed in a striped pattern in the early embryo that corresponds to the pair-rule phenotype observed in prd mutant embryos (Niisslein-Volhard and Wieschaus, 1980; Baumgartner and Noll, 1991) . Later, prd is expressed in a specific cluster of cells in the maxillary segment and also in a few cells in the labial and mandibular segments (Gutjahr et al., 1993) . In prd null mutants, massive disorganization of head structures is observed. However, since early prd expression in stripes overlaps the head primordia, the contribution of the late expression in head segments to the head phenotype cannot be evaluated. Targeted ribozymes have been used in various systems in order to reduce or eliminate a target message leading to 'functional gene knockouts' (Cech et al., 1981; Forster and Symons, 1987; Uhlenbeck, 1987; Haseloff and Gerlach, 1988; Cameron and Jennings, 1989; Cotten and Birnstel, 1989; Symons, 1989; Ruffner et al., 1990; Herschlag, 1991; Chen et al., 1992; Fedor and Uhlenbeck, 1992; L'Huilier et al., 1992; McCall et al., 1992; Symons, 1992; Pyle, 1993; .
We demonstrated previously that ribozymes could be used as tools to create such functional knockouts in Drosophila embryos using an anti-fishi tarazu (Fz) ribozyme . Inducing the anti-fz ribozyme at early stages caused frz-like pair-rule defects, while induction at later stages led to a phenocopy of nervous system defects seen in frz mutants. Ribozymes have also been used to target white gene expression in Drosophila (Heinrich et al., 1993) and were previously demonstrated to be active when injected into frog oocytes (Cotten and Birnstel, 1989 We have now generated ribozymes targeted against prd mRNA to assess the biological function of late prd expression. Here we show that induction of the anti-prd ribozymes specifically reduces prd protein levels. Induction of the ribozymes at late stages does not affect embryonic segmentation but leads to specific defects in head structures. This is, to our knowledge, the first example of the use of targeted ribozymes to reveal a new biological function of a developmentally regulated gene in vivo.
Results
Two anti-prd hammerhead ribozymes (Ruffner et al., 1990; were designed to cleave prd mRNA either between the ATG and the intron @rdRbz I), or between the paired box and the homeobox (prdRbz 2) (Fig. 1) . Ribozyme coding sequences were placed under the control of the hsp70 promoter in the P-element containing vector, CaSpeR-hs. Transformant lines were established independently for each ribozyme. To test ribozyme function, embryos carrying either prdRbz 1 or prdRbz 2 were subjected to heat treatment at an early stage of development (-2.5 h), This generated a pair-rule phenotype in -15% and a mild prd-like phenotype (complete or partial fusion of more than one denticle belt) in -25% of the embryos (data not shown).
To test the ability of the anti-prd ribozymes to block prd protein synthesis in vivo, embryos carrying one copy of each ribozyme were subjected to three heat treatments at 2.5 h to 5.5 h after egg laying (AEL). Immunostaining with anti-prd antibodies revealed a drastic reduction in prd protein levels in the head segments (arrows, orange, , used as an internal control, was unaffected (dark brown, Fig 2) .
To assess the functional consequences of reducing prd protein levels at late stages, embryos (offspring of double B Fig. 2 . Anti-prd ribozyme activity reduces prd protein levels. (A) white-embryo at the germ band extension (gbe) stage. (B), transformant embryo carrying prdRbz 1 and prdRbz 2 at gbe. 4-5 h old embryos were heat treated three times. Embryos were immunostained with anti-prd (orange) and anti-pox neuro (dark brown) antibodies at the end of gbe. prd expression was drastically reduced in the maxillary and labial segments after ribozyme induction while poxn levels were unaffected. Approximately 30% of the embryos showed a strong reduction in prd protein levels and -20% a mild reduction (not shown). Photographs of the head region (~500) are shown. Embryos are oriented with the anterior tip to the left. balanced parents carrying one copy of each prdRbz 1 and prdRbz 2 ribozyme) were allowed to age to 4-5 h AEL and were submitted to seven heat-shock cycles. Each cycle consisted of 20 min at 37°C followed by 40 min at 25°C. This time range spans the time of prd expression in the head segments (Gutjahr et al., 1993) and avoids the early stripe expression phase that ends during germ band extension (4-4.5 h) (Kilchherr et al., 1986) . Analysis of larval cuticle preparations revealed normal segmentation, as was expected, and grossly normal head structures after ribozyme induction (Fig. 3E) . However, detailed analysis of head structures revealed that the ventral organs (VO) (Hertweck, 1931) , maxillary chemosensory organs (see below), were missing (Fig. 3B,C) . In addition to the loss of the VO, the dorsal-lateral cirri rows showed a reduction in cirri number and, in most cases, a disorganized array of the remaining cirri was observed (Fig. 3B,C) . The frequency of this ribozyme induced phenotype was about 40% in offspring from double balanced parents carrying one copy of each (prdRbz 1 and prdRbz 2) ribozyme. None of these defects were observed in control embryos carrying an anti-&, ribozyme which contains the same leader, trailer and hammerhead sequences but is targeted to cleavefrz message. Also, untransformed white embryos submitted to the same heat shock treatment at the same stages developed normally. Finally head structures of embryos carrying both prd ribozymes were normal in the absence of heat shock treatment. In prd null mutants, the ventral organ is also missing and the dorsal cirri row is reduced, as obtained with the ribozymes (Fig.  3D) . However, these specific defects overlay a global disorganization of head structures which appear to result from loss of early prd expression in anterior regions of the embryo. Our results with the anti-prd ribozymes indicate that late prd expression in specific cells in the ventral region of the maxillary segment is necessary for VO formation and correct dorsal cirri row structure development.
Head development is a complex process, the details of which are poorly understood. The head contains highly specialized sensory organs whose formation requires a closely connected and well orchestrated development of integrating support structures, sensory tissues and associated nervous system. Here we present evidence that the development of a primitive and simple sensory organ in insects is under the control of the same master regulatory gene as in vertebrates.
Drosophila larvae respond to a wide range of tastes and odors. Behavioral tests indicate that larvae can respond to three types of tastes: sugar, salt and amino acids. In addition, well conserved and diverse responses to an array of odorants have been characterized (Miyakawa, 1982; Monte et al., 1989; Ayyub et al., 1990) . Genetic and enhancer trap screens have identified a number of genes required for normal gustatory and/or olfactory responses in larvae and/or adult flies (Tompkins et al., 1979; Miyakawa, 1982; Hasan, 1990; Pinto et al., 1992; Riesgo-Escovar et al., 1992) . However there is still relatively little known about the signal transduction pathways that mediate chemosensory responses or about the pathways that lead to the development of specialized chemosensory organs. The Drosophila VO is located at the end of a row of dorsal cirri (dci) near the larvae mouth opening (Fig. 3A) and arises from the ventral region of the maxillary segment (Jurgens et al., 1986) . It is thought to be a chemosensory organ on the basis of structural studies, although its biologic function has not yet been tested in Drosophila (Stocker, 1994) . The organ appears as a pair of simple lobes consisting of five small pores. One pore is innervated by 4 dendrites and the remaining 4 pores are innervated by 1 dendrite each. The neurons are grouped internally to form the ventral ganglia which connect to the brain via the maxillary nerve (Singh and Singh, 1984) . Dorsal to the VO, the maxillary (terminal) organ and the dorsal (antennal) organ make up the antenno-maxillary complex (AMC) which, based upon ultra structural properties and by homology to larger flies in which ablation experiments have been carried out, is thought to be the primary olfactory organ in the larva (Singh and Singh, 1984) . prd-ribozyme containing larvae which are missing the VO can now be used to directly test the biological function of this organ and to begin to chart out the pathways involved in VO development.
Discussion
We have shown that late prd expression in the maxillary segment is necessary for ventral organ formation. This observation, along with the previous demonstration that Drosophila pox neuro is required for the development of poly-innervated external sense organs (DamblyChaudiere et al., 1992) , indicates that the Drosophila PAX gene family (Noll, 1993 ) plays a role not only in segmentation but also in sensory organ development. Our results also support the concept of a gene network and evolutionary conservation of function within the PAX family (Frigerio et al., 1986; Kilchherr et al., 1986; Burri et al., 1989; Noll, 1993) . A high degree of sequence conservation has been reported between the Drosophila paired family and the PAX genes in higher vertebrates, where they play multiple roles .in development Walther et al., 1991; Noll, 1993) . In the mouse, the Pax-3 and Pax-7 genes, which share the closest homology to prd (Noll, 1993) show very specific late embryonic expression patterns. At day 13, Pax-3 is expressed in the tongue, mandible and olfactory neuroepithelium , and Pax-7 is expressed in the nasal sinus and nasal septum . Despite the fact that the late function of Pax-3 and Pax-7 is still unknown, the striking relation to our results strongly suggests a possible conserved role in chemosensory (olfacto-gustatory) organ development. The human PAX3 gene has been implicated in the human Waardenburg's syndrome (WS), whose clinical manifestations include sensorineural deafness and nose and eye abnormalities (Waardenburg, 1951; Baldwin et al., 1992; Tassabehji et al., 1992; Tassabehji et al., 1993) . Effects of this syndrome on taste remain to be determined. The Pax-2 gene, the mammalian homologue of Drosophila pox Noll, 1993) , is expressed in the primordia of the mouse optic and otic vesicles (Nornes et al., 1990) . A striking example of conservation of PAX gene function in sensory organ development is the recently isolated eyeless (ey) gene which appears to be the Drosophila homologue of mammalian PAX6 (Quiring et al., 1994) . The ey gene in Drosophila is expressed in the eye imaginal disc primordia in embryos and in the eye imaginal disc in the larvae (Quiring et al., 1994) and mutants for this gene show drastically reduced or missing eyes (Lindsley and Zimm, 1992) . Similarly, mouse Pax-6 is expressed in the developing eye, particularly in neural retina and mutations in Pax-6 cause small eye in mouse (Hill et al., 1991) and rat (Matsuo et al., 1993) , and aniridia in humans . This study extends our previous work which showed that a ribozyme targeted against thefushi turuzu (ftz) gene could recapitulate ftz phenotypes in developing embryos ). Here we have utilized targeted ribozymes to elucidate a previously unknown function of the prd gene. In the case of ftz ribozymes, only a relatively low percentage of embryos (-5-10%) displayed strong ftz-like pair-rule defects after heat induction of the ribozyme. Because of generalized defects caused by heat treatment at early developmental stages, it was not possible to carry out long or repeated heat treatments that might have increased ribozyme levels at crucial time points in the embryo. Here, multiple rounds of heat treatment were possible because of the late stages at which prd is expressed in the head. Presumably because of this, >40% of embryos carrying an anti-prd ribozyme displayed the very dramatic phenotype of complete loss of the VO. This observation is consistent with earlier studies that demonstrated that a large excess (-lOOO-fold) of ribozyme over target message is necessary to achieve significant reductions in target mRNA levels in transfected cells (L'Huilier et al., 1992) . It has been proposed that either initial hybridization of ribozyme to target (Bertrand et al., 1994) or dissociation of ribozymes from target RNAs after cleavage (Herschlag, 1991) is the limiting step for ribozyme action. Either or both of these phenomena would explain the apparent requirement for expression of very high levels of ribozymes in the embryo. Taken together, our observations suggest that targeted ribozymes will be generally useful tools for studying gene function during animal development.
Experimental procedures

Ribozyme constructs
Synthetic double strand oligonucleotides containing the prd ribozyme sequences, S-ATCCATTGAAGCTGA-TGAGTCCGAGAGGACGAAAGGGTCTGT-3' (PrdRbz Z) and 5'-GCCGCCGGACTGATGAGTCCGAGAGGA-CGAAACATCGGAGC-3' (PrdRbz 2) were inserted individually into the Sal1 and XbaI sites of a modified pGEM7Zf -vector containing 65 nt from the E. coli 1acZ gene . The EcoRI-XbaI fragments containing the prd ribozymes and 1acZ sequences were then subcloned into the EcoRI and XbaI sites of a CaSper-hs P-element vector (Thummel and Pirrota, 1992) and microinjected in Df(l)w embryos (Rubin and Spradling, 1982) . Five independent transformant lines were established for prdRbz 1 and 10 lines for prdRbz 2. Three lines of each were analyzed.
Heat shock treatments
prd ribozyme transformant or control embryos were collected for 1 h and allowed to develop at 25°C until the target age for heat shock treatment. The embryos were attached to a wet nylon net, placed into 0.5 ml Eppendorf tubes and incubated in a Perkin Elmer Cetus DNA Thermal Cycler. The embryos were submitted to either 3 or 7 heat-shock cycles of 20 min at 37°C followed by 40 min recovery at 25°C. The embryos were either fixed for staining or allowed to develop to 24 h at 25°C for cuticle preparation, processed according to .
Embryo immunostaining
Embryos were fixed and immunostained for prd and poxn proteins using polyclonal rabbit antibodies as described (Gutjahr et al., 1993) .
